The present study examined the influence of different post materials and their lengths on the mechanical stress of endodontically treated incisor roots in two alveolar bone conditions. Two-dimensional photoelastic models were fabricated to simulate the endodontically treated maxillary central incisors restored with three kinds of posts materials (low Young's modulus glass fiber post, high Young's modulus glass fiber post, and prefabricated stainless steel post) and two post lengths (8 and 4 mm). Completed models were placed in a transmission polariscope and loaded with a static force of 150 N at 45° to the tooth axis. Photoelastic photographs and the magnitudes of fringe order revealed stress distribution in the root, and suggest that the glass fiber post with a low Young's modulus and long length can reduce the stress concentration both in normal and alveolar bone resorption conditions.
INTRODUCTION
Endodontically treated teeth are more brittle than natural teeth due to water loss and collagen cross-linking via the dental pulp [1] [2] [3] . For treating these teeth, some researchers claimed that root canal post with core systems provide protection for the remaining teeth by distributing intra-oral forces along the roots 4, 5) . Numerous kinds of root canal posts are available, but because of the clinical convenience and the specific nature of aesthetics for the anterior region, prefabricated stainless steel posts and glass fiber posts are popularly used. Prefabricated stainless steel posts have been used for many years because of their high strength, low cost, and ease of preparation. Compared with prefabricated stainless steel posts, glass fiber posts offer many other advantages: that include high strength-to-weight ratio, noncorrosive and excellent bonding properties, translucency, ease of repair, prevention of metal allergy and low Young's modulus. Composite resin and cast metal cores are frequently applied with the post systems to restore the endodontically treated teeth. The significant risk factors for core failure are sex, absence of remaining coronal dentin, higher age at core insertion and core restoration type. Especially the core survival rate of resin cores is significantly higher than that of metallic cores 6) . Therefore, recently, the composite resin core with various kinds of prefabricated posts is applied with endodontically treated teeth.
Root fractures and the loosening of the post and core caused by cement dissolution are the serious problems for endodontically treated teeth with post and core restoration, especially for vertical root fractures that often lead to tooth extraction. To overcome this problem, some studies suggested that when the alveolar bone is in normal condition, a post with the Young's modulus similar to that of the dentin can reduce the risk of root fractures [7] [8] [9] . Compared with other kinds of posts, the Young's modulus of glass fiber post is most similar to that of dentin. However, in terms of the range of Young's modulus magnitude, which glass fiber post is better remains unclear.
In addition to the length of the post, some studies recommended that post length be as long as two-thirds of the root length to provide more bonded areas for even distribution of stress and prevention of root fractures [10] [11] [12] [13] . By contrast, a recent study revealed that short glass fiber posts with crown-post-length ratio tested (1:1) sustain an equivalent number of fatigue cycles compared with longer posts 14) . No uniform opinion about the length of the post and the need for further research has been raised.
However, vertical root fracture in teeth receiving root canal treatment with posts is more likely to occur in older patients (60+) 15) , who also often had alveolar bone resorption. The stress distribution in the dental root is affected because alveolar bone support is lost 16) . Thus, closer attention must be paid to the alveolar bone.
The present study aims to explore the kind and length of post suitable for normal and alveolar bone resorption conditions by comparing photoelastic photographs and the magnitudes of fringe orders.
MATERIALS AND METHODS
Twelve kinds of two-dimensional photoelastic experimental models were designed in this study and two samples of each kind of models were fabricated. The simulated model size was six times bigger than the actual size of an endodontically treated maxillary central incisor in the median sagittal plane ( Table 1) .
The endodontically treated incisors were restored by post and composite resin core method, and using low Young's modulus glass fiber post, high Young's modulus glass fiber post and prefabricated stainless steel post. Regardless of type of post, diameter was 1/3 of that of the root width 11, 17) , but two kinds of post lengths in the root were adopted: one was 2/3 of the length of the root; the other was 1/3 of the length of the root. The upper part of the post was parallel; the lower part had a taper 18) angle of 3° and the apex was designed as a semicircle. Two different levels of alveolar bone were assumed. The tops of the alveolar bone ridge were 1 and 4 mm below the cement-enamel junction (CEJ) -simulated for the normal and the alveolar bone resorption conditions. Figure 1 displays the sizes and shapes of the components of experimental models. In this experiment, to ensure that the simulation models approximate the mock objects in the clinic, a 2-mm-high ferrule was adopted, and marginal shape was designed as 1-mm-wide deep chamfer. The preparation of the core was in full accordance with clinical requirements, and all the line angles were made smooth except the marginal part. The models of the dental root, post and composite resin core were bonded with the simulation material of composite resin adhesion and then fixed onto the alveolar bone models.
The dental root models were fabricated by cutting a 6-mm-thick thermosetting resin board (EP, Rikohken Corp., Tokyo, Japan) using a water jet cutting machine. Materials of fiber-reinforced polybutyleneterephtalate (PBT) resin (Novaduran 5810G15, Mitsubishi Engineering-Plastics Corp., Tokyo, Japan), industrial fiber-reinforced plastic (PPS GF40, Sankyo Chemical Co. Ltd., Tokyo, Japan), and magnesium alloy (AZ91D, Chuo-kosan Co. Ltd., Tokyo, Japan) were used for post models to simulate the low Young's modulus glass fiber post, the high Young's modulus glass fiber post and the prefabricated stainless steel post. Around the upper part of the completed post models, an epoxy resin material in liquid state was poured and formed into the predetermined shape of the composite resin core. The epoxy resin material was synthesized using mixing a base resin (JER828, Japan Epoxy Resin Ltd., Tokyo, Japan), a hardener (Diethylene triamine, Wako Pure Chemical Industries, Ltd., Tokyo, Japan) and a softener (Thiokol LP-3, Toray Fine Chemical Ltd., Tokyo, Japan) at a ratio of 100:10:1 19) . Composite resin adhesion was simulated using the epoxy resin material mentioned above. The alveolar bone models were fabricated using an acrylic resin plate (Acryl Black, Akuriru Co. Ltd., Tokyo, Japan) and primarily used for fixing the tooth models and creating a favorable loading condition, that is, at an angle of 45° to the tooth axis. In this experiment, the periodontal ligament was excluded from the simulation model. The simulation material of composite resin adhesion was used to connect the dental root model and the alveolar bone model.
The ratio of the Young's modulus of the thermosetting resin board, epoxy resin, fiber-reinforced PBT resin, industrial fiber-reinforced plastic and magnesium alloy was approximately equivalent to 15 GPa:14 GPa:25 GPa:45 GPa:210 GPa, which is the modular ratio of the dentin 20) , the composite resin 21, 22) , the low Young's modulus glass fiber post 23) , the high Young's modulus glass fiber post 24) and the prefabricated stainless steel post 25) (Table 2 ). The photoelastic method 26) used in this study is an experimental stress analysis technique that uses the induced birefringence effect of the experimental materials. Aside from examining the stress distribution within the models, it can also determine the magnitude and direction of stresses at any point by analyzing the fringe pattern. In addition, the models are assembled using materials whose mechanical properties, including the Young's modulus, are correctly reproduced. A transmission polariscope (PE-400, Rikohken Corp., Tokyo, Japan) with a surface diffusion light source and a large effective visual field of 400 mm (diameter) was used as the experimental instrument. The passing of the ordinary ray of white light, which was radiated from the surface diffusion light source, through the stressed experimental model causes the birefringence effect and then generates phase contrast. Ultimately, these effects are observed as interference fringe patterns. The interference fringe density was proportional to the stress concentration. The color of the interference fringe was analyzed and assigned as fringe order (F.O.) and the minimum reading fringe was 1/100. With the F.O., the stress magnitudes in the experimental models were quantitatively evaluated.
Given that residual stress might be induced by shaping and bounding in the completed models and influence subsequent measurements, all experimental models were photographed and evaluated to ensure that no photoelastic interference fringe occurred in any location before the loading force was applied in the transmission polariscope. In the loading test, a vertical and static force of 150 N 27) at an angle of 45°1 9, 28, 29) to the tooth axis was applied (Fig. 2) . The stress distributions in the loading models were observed and photographed using digital camera (Canon EOS Kiss×3, Canon Corp., Tokyo, Japan) as interference fringe patterns. All the photographs were taken under the exact same conditions, with an aperture of f/4.5 and a shutter speed of 1/30 seconds. In the resultant photographs, some specific locations -the labial side of the dental root nearby the alveolar bone ridge, the palatal side of the dental root nearby the alveolar bone ridge and the dental root along the apex of the post-were marked as measuring points (a), (b) and (c), respectively. The F.O. of the different experimental models at the same selected measuring points were compared because of the distinctive change. Table 2 Young's modulus of the experimental models and the simulation objects Figure 3 shows the interference fringe-pattern photographs of the twelve kinds of 150 N-loaded experimental models. Based on the photographs, the F.O. analysis charts of the stress distribution are described in Fig. 4 . The magnitude of F.O. at each part is indicated by the vertical distance from the adhesive interface of the dental root model. The F.O. magnitudes at measuring points (a), (b) and (c) of all the experimental models are displayed in Table 3 .
In the normal alveolar bone models, the highest stress magnitude were 2.04 and 1.31 F.O. in MNS and the lowest stress magnitudes were 1.16 and 0.58 F.O. in F1NL at measuring points (b) and (c). At measuring point (a), the highest stress magnitude was 3.73 F.O. in MNL and the lowest stress magnitude was 2.35 F.O. in F1NS. In the alveolar bone resorption models, the highest stress magnitudes at measuring points (a), (b) and (c) were 5.65, 3.71 and 1.61 F.O. in MPS, while the lowest stress magnitudes were 3.55, 2.49 and 0.99 F.O. in F1PL. Comparing the stress magnitudes of the two kinds of alveolar bone models, an obvious difference was observed. The F.O. at measuring point (a) were lower in the short post models under the normal alveolar bone condition, inversely, with the resorption of the alveolar bone, the F.O. were lower in the long post models. On the other hand, the F.O. at measuring points (b) and (c) were lower in the long post models under both normal and alveolar bone resorption conditions.
DISCUSSION
Occlusal force with dynamic and three-dimensional characteristics was among the important factors that led to root fracture 29, 30) . Some studies measured the dynamic masticatory force 31) or investigated the clenching force with a small handmade three-dimensional occlusal force sensor 32, 33) . However, sufficient three-dimensional data had not been acquired. Because experimental methods could not warrant vector analysis and actual measurements during function is difficult. In other studies of both static and dynamic loading tests, the comparative results of the root fracture between the teeth restored with fiber posts and metallic posts were consistent 34) . Hence, instead of the dynamic force, a simple but effective static force was used in the photoelastic analysis of the present study 19) . The magnitude of the force applied in this study was 150 N to assume the maximum occlusal force of the incisor and enable easy observation without damaging the models.
After loading, the stress concentrations occurred in the dental root, where three specific locations were selected based on the analysis of the root fracture modes. Horizontal root fracture and vertical root fracture were the two main root fracture modes; the failure line of the horizontal root fracture often occurred between the measuring points (a) and (b), while the failure line of the vertical root fracture was often observed between the measuring points (a) and (b) or (b) and (c) 35, 36) . Therefore, the magnitude of stresses in the measuring points (a), (b) and (c) were measured and compared across all the experimental models.
In clinic, because of the manufacturers are different, (FiberKor Post, Pentron Corp., Tokyo, Japan) 23) and the high Young's modulus glass fiber post models have a similar Young's modulus to available glass fiber post (Snowpost, Carbotech Co., Lewis Center, OH, USA) 24) . In all the experimental models, the numerical results of the F.O. indicated that the post materials, the height of alveolar bone ridge and the post lengths affected the stress concentration in the root dentin.
In the normal alveolar bone condition, an obvious relationship between the Young's modulus and the stress concentration in the dental root was observed. The closer the Young's modulus of the post became to that of the dentin, the smaller the stress concentration would be. That was because the stress was dispersed along the post and the dental root. Some finite-element analysis studies showed the same results 33) . In the alveolar bone resorption condition, no significant difference between the low Young's modulus glass fiber post models and the high Young's modulus glass fiber post models was observed, but an obvious change in F.O. was revealed compared with the prefabricated stainless steel post models, especially at measuring point (c). Among the three post materials, the F.O. magnitudes at measuring point (c) in the low Young's modulus glass fiber post model was the lowest and that suggests the lowest vertical root fracture risk, as some clinical studies have reported. For example, Ferrari et al. 37) reported that when glass fiber posts were clinically used to endodontically treated teeth (n=95), no root fractures were observed during four years after treatment. On the basis of these studies, we infer that the restoring endodontically treated tooth using the post with a Young's modulus similar to that of dentin is an effective method for reducing the risk of root fractures 38, 39) . With the same post type and post length, the F.O. results were higher in the alveolar bone-resorbed models than in the normal alveolar bone models at all the measuring points. The distance between the loading point and the top of the alveolar bone ridge is longer in the alveolar bone-resorbed models than in the normal models. Based on the principle of the lever, the component of loading force in the dental root was larger with longer distance; hence, the change in the height of the alveolar bone was significantly related to the stress distribution. About the relationship between root fracture force and the height of the alveolar bone ridge, many studies showed the same concept: with the same restoration, high alveolar bone could support stronger force until the root fractured 29) . The F.O. magnitudes were lower in the long post models than in the short post models at all measuring points when the post materials and the height of the alveolar bone were identical. Except for measuring point (a) in the normal alveolar bone models: the F.O. magnitudes in the long post models were higher than in the short post models. Vertical root fracture often occurred between measuring points (b) and (c); hence, increasing the length of the post effectively reduced the probability of vertical root fracture 40) . In addition, a common difficulty in stress analysis experimental methods was observed: the complete reproduction of periodontal ligament function. In the finite-element analysis method, two primary and relative standpoints of linear and nonlinear analysis occurred. Compared with the stress distribution of linear analysis, that of nonlinear analysis may more closely resemble that in endodontically treated teeth in vivo 33, 41) . In the other stress-analysis experimental methods, autopolymerizing resin was used instead of the periodontal ligament in the strain gage method 42) , whereas silicone was used in the recent photoelastic and loading test methods 29) . Still, there remained a considerable difference in the periodontal ligament function. Given the material constraints, the periodontal ligament was not included in the simulation models in the present study 19) . However, the presence of the periodontal ligament could account for the difference in experimental results 43) . Thus, in the two-dimensional photoelastic analysis, the periodontal ligament with viscoelasticity properties should be taken into consideration in future experiments.
CONCLUSIONS
Within the limitations of the present study, the results indicate the following:
(1) When the material and length of the post were the same, the stress magnitudes were lower in the normal alveolar bone models than in the alveolar bone resorption models. (2) When the post material and the level of the alveolar bone were the same, the stress magnitudes were lower in the long post models than in the short post models except the measuring point (a) in the normal alveolar bone models. (3) When the level of the alveolar bone and the length of the post were the same, the stress magnitudes in the models were revealed in an increasing order: low Young's modulus glass fiber post models<high Young's modulus glass fiber post models<prefabricated stainless steel post models. The Young's modulus of the post material more similar to that of the dentin was more effective in preventing stress concentration in endodontically treated teeth.
